Tropodithietic acid (TDA)-producing Ruegeria mobilis strains of the Roseobacter clade have primarily been isolated from marine aquaculture and have probiotic potential due to inhibition of fish pathogens. We hypothesized that TDA producers with additional novel features are present in the oceanic environment. We isolated 42 TDA-producing R. mobilis strains during a global marine research cruise. While highly similar on the 16S ribosomal RNA gene level (99-100% identity), the strains separated into four sub-clusters in a multilocus sequence analysis. They were further differentiated to the strain level by average nucleotide identity using pairwise genome comparison. The four sub-clusters could not be associated with a specific environmental niche, however, correlated with the pattern of sub-typing using co-isolated phages, the number of prophages in the genomes and the distribution in ocean provinces. Major genomic differences within the sub-clusters include prophages and toxin-antitoxin systems. In general, the genome of R. mobilis revealed adaptation to a particle-associated life style and querying TARA ocean data confirmed that R. mobilis is more abundant in the particle-associated fraction than in the free-living fraction occurring in 40% and 6% of the samples, respectively. Our data and the TARA data, although lacking sufficient data from the polar regions, demonstrate that R. mobilis is a globally distributed marine bacterial species found primarily in the upper open oceans. It has preserved key phenotypic behaviors such as the production of TDA, but contains diverse sub-clusters, which could provide new capabilities for utilization in aquaculture.
Introduction
Aquaculture provides nearly 50% of the global supply of fish and shellfish for human consumption, however, production is constrained by bacterial diseases. To reduce the use of antibiotics, we and others have focused on use of probiotic strategies and used bacteria of the Roseobacter clade that can antagonize fish-pathogenic bacteria without harming the fish or their live feed (D'Alvise et al., 2012 (D'Alvise et al., , 2013 . Specifically, strains belonging to the species Ruegeria mobilis and Phaeobacter inhibens are potent antagonists of the fish pathogens (Planas et al., 2006; Porsby et al., 2008; D'Alvise et al., 2010) primarily caused by production of the antibacterial compound tropodithietic acid (TDA) (D'Alvise et al., 2010 (D'Alvise et al., , 2012 . TDA is also bactericidal against human pathogens including Salmonella enterica and Staphylococcus aureus (Porsby et al., 2011) and it has been recently been demonstrated that TDA acts by disrupting the proton motive force (Wilson et al., 2016) . TDA is produced by R. mobilis, P. inhibens and Phaeobacter gallaeciensis, as well as by other alphaproteobacteria belonging to Pseudovibrio (Porsby et al., 2008; Geng and Belas, 2010; Penesyan et al., 2011; Harrington et al., 2014) . Strains of Ruegeria and Phaeobacter produce TDA when grown under stagnant conditions in marine broth (MB) and TDA production coincides with bacterial rosette formation, a biofilm at the air-liquid interface, and production of a brown pigment that is an iron-TDA complex (Bruhn et al., 2007; Geng et al., 2008; Porsby et al., 2008; D'Alvise et al., 2015) . Several roseobacters produce compounds potentially involved in quorum sensing (QS) (Wagner-Döbler and Biebl, 2006; Martens et al., 2007; Zan et al., 2014) . In P. gallaeciensis, TDA production is influenced by acylated homoserine lactones (Berger et al., 2011) and in Ruegeria (Silicibacter) sp. TM1040, TDA upregulates its own production (Geng and Belas, 2010) . The antibacterial activity of these Roseobacter-clade strains could have a role in their natural niche, for example, during growth on particles, such as algae and marine snow, and it allows them to invade already formed bacterial biofilms (Rao et al., 2005) ; however, it is unknown how wide these specific bioactive strains are distributed on a global scale and in which environmental niches they appear.
Alphaproteobacteria and species belonging to the Roseobacter clade are widely distributed in marine environments and have a major role in oceanic sulfur cycling (Wagner-Döbler and Biebl, 2006) . Roseobacters have been isolated from seawater, marine sediments, surfaces of marine organisms, and hypersaline ponds (Buchan and Moran, 2005) and can constitute up to 2-8% of surface water bacterioplankton (Wietz et al., 2010; Sunagawa et al., 2015) , but the clade can represent as much as 20-40% of sequence data from 16S ribosomal RNA (rRNA) gene libraries especially during algal blooms (Moran et al., 2003; Buchan and Moran, 2005; Prabagaran et al., 2007) . Many of the Roseobacter-clade strains are associated with algae and can metabolize dimethylsulfoniopropionate produced by algae (González et al., 2000; Alavi et al., 2001; Miller and Belas, 2004; Buchan and Moran, 2005; Todd et al., 2009) . Cosmopolitan distribution has been demonstrated for the SAR11 clade also belonging to the alphaproteobacteria (Wietz et al., 2010; Giebel et al., 2011; Ghiglione et al., 2012) . The clade constitutes the dominant prokaryotic population in surface waters (Morris et al., 2002) . While the Roseobacter clade as such is also widespread, very little is known about its distribution at the species level. Selje et al. (2004) found that a particular phylotype of the Roseobacter clade affiliated cluster was widely distributed in temperate and polar waters, but was not detected in the tropical and sub-tropical areas. The abundance of the Roseobacter clade affiliated cluster correlates positively with phaeopigments and chlorophyll (Giebel et al., 2011) indicating an algal association. We recently reported that Roseobacter-clade strains identified as Ruegeria spp. could be isolated from upper ocean waters , however, these strains were not further characterized.
The purpose of the present study was to analyze the global distribution of R. mobilis in terms of bioactivity and phylogeny and to determine if strain characteristics could be related to biogeographic patterns. In comparison to aquaculture-derived R. mobilis strains, new isolates from the marine environment could represent a novel diversity within the species.
Materials and methods
Isolation of Roseobacter-clade strains from marine samples A total of 533 samples were analyzed: 224 seawater samples from 120 locations, 217 surface swab samples (54 locations) and 92 samples (18 locations) taken from material of a ship sea chest filter were collected during a global marine research cruise, Galathea 3 . Samples were 10-fold serially diluted in sterile seawater, plated on 50% marine agar (Difco 2216, Franklin Lakes, NJ, USA) and incubated at 20°C until visible colony growth (3-7 days). Colonies were replica-plated onto a seawater agar cast with Vibrio anguillarum strain 90-11-287 (Skov et al., 1995) and incubated at 25°C for 1-2 days. Colonies causing inhibition of Vibrio growth were isolated from the original plates. Details of sampling procedures, isolation and identification by 16S rRNA gene sequence analyses have been described . Strains isolated with this procedure were denoted S in Supplementary  Table S1 . Additionally, two techniques for the enrichment of biofilm-forming bacteria and TDAresistant strains-both criteria of TDA-producing Roseobacter strains (Bruhn et al., 2005; Porsby et al., 2008) -were utilized and the obtained isolates (denoted as F and G, respectively, in Supplementary  Table S1 ) were included in the analyses. We attempted specific isolation of bacteria forming biofilm at broth surfaces as TDA-producing Roseobacter strains form biofilms of star-shaped aggregates at the air-liquid interface (Bruhn et al., 2005) . To enrich biofilm-forming bacteria, at some sampling stations, 0.1 ml seawater was mixed with 5 ml MB (Difco 2216) diluted 50% with filter-sterilized local seawater. Tubes were left stagnant at 20°C for up to 3 weeks and enrichment cultures were tested for inhibitory activity by spotting 10 μl of a the enriched culture on a seawater agar cast with V. anguillarum. In several tubes, a characteristic brownish color developed (Supplementary Figure S1) , and this is typical of iron-TDA complexes (D'Alvise et al., 2015) . Enrichments were streaked on marine agar, and pure cultures were isolated and re-tested for anti-Vibrio activity. Strains isolated with this procedure are denoted F in Supplementary Table S1 . To enrich TDA-resistant strains, a few samples were also mixed with sterile-filtered supernatant from a TDA-producing Roseobacter-clade strain (Phaeobacter sp. 27-4 grown 3-4 days in MB under stagnant conditions) to select for TDA-tolerant organisms. Samples from these enrichments were also streaked and replica-plated and pure cultures isolated from colonies with anti-Vibrio activity. Strains isolated with this procedure are denoted G in Supplementary  Table S1 . (Longhurst, 2007) of the sampling sites were identified on the ArcGIS platform (http://www.arcgis.com/ home/webmap/viewer.html?useExisting=1).
Identification and antibacterial activity of marine Roseobacter-clade strains and strains from fish farms and culture collections All strains were identified as R. mobilis by initial 16S rRNA gene sequence analysis and antibacterial activity confirmed on V. anguillarumembedded plates, however, we cannot exclude the presence of non-bioactive strains of the species at these locations. The isolated R. mobilis strains were re-evaluated for production of antibacterial compound(s) in MB. Strains were incubated either with aeration (200 r.p.m.) or under stagnant conditions for 3 days at 25°C. Sterile-filtered culture supernatants were tested for inhibitory activity against V. anguillarum strain 90-11-287 cast in an agar consisting of 3% Instant Ocean Sea Salt (Aquarium Systems Inc., Sarrebourg, France), 0.3% casamino acids and 0.4% glucose as previously described (Porsby et al., 2008) . We included two R. mobilis from culture collections, and three isolates from turbot farms (Hjelm et al., 2004; Porsby et al., 2008) (M strains in Supplementary Table S1) in the comparison. Culture collection strains were R. mobilis NBRC101030 T and R. mobilis (formerly R. pelagia) NBRC102038 T . We earlier reported that R. mobilis and R. pelagia could not be distinguished based on 16S rRNA gene homology (Porsby et al., 2008) and R. pelagia is a later synonym of R. mobilis (Lai et al., 2010 MUSCLE alignment and neighbor joining tree were generated in MEGA 6.06 (Tamura et al., 2013) . Bootstrap values were based on 1000 replicates. The multilocus sequence analysis (MLSA) was performed using nine housekeeping genes (16S rRNA gene, gapA, gyrB, ftsZ, mreB, pyrH, recA, rpoA and topA) (Sawabe et al., 2013) . Sequences were extracted from genome sequences, aligned and concatenated using CLC Genomics Workbench. A neighbor joining tree was generated in MEGA 6.06 (Tamura et al., 2013) with bootstrap values based on 1000 replicates.
Pairwise genome comparison of the Ruegeria strains, all currently available Ruegeria genome sequences (R. pomeroyi DSS-3, R. lacuscaerulensis ITI-1157, R. halocynthiae MOLA R1/13b, R. conchae TW15, Ruegeria (Silicibacter) sp. TrichCH4B, TM1040, R11, ANG-R, ANG-S4) and P. inhibens DSM17395 was conducted with BLAST-based average nucleotide identity (ANI) using the 'calculate_ani' python script (Pritchard, 2014) based on work by Richter and Rosselló-Móra and Goris et al. (Goris et al., 2007; Richter and Rosselló-Móra, 2009 ). Heatmaps were generated in R using complete agglomeration clustering based on Euclidean distances (Boston, MA, USA).
Metagenomic data analysis
Metagenomic recruitments were carried out between bacterial genomes (five representative R. mobilis genomes (F1926, S1424, NBRC101030, NBRC102038, 270-3) and nine genomes of reference strains (R. pomeroyi DSS-3, 'Candidatus Pelagibacter ubique' HTCC1062, V. anguillarum 90-11-287 and the Galathea isolates Pseudoalteromonas piscicida S2040, P. rubra S2471, P. ruthenica S3137, Photobacterium galathea S2753, V. coralliilyticus S2052, V. galathea S2757) ) and the metagenomic data of the TARA expedition (two fractions: free-living (0.22-5 μm, 426 metagenomes) and attached (5-20 μm, 370 metagenomes)) (Sunagawa et al., 2015) using BLASTN (Altschul et al., 1997) . A hit was considered only when it was at least 50 nucleotides long, with an identity of 495% and with an E value ⩽ 1e-5. These hits were used to compute the RPKG (reads recruited per kb of genome per Gb of metagenome) values, that provide a normalization across various metagenomics results. An RPKG of 41 was considered acceptable to demonstrate the presence of the strain.
Chemical analysis of TDA and acylated homoserine lactones Production of TDA and OH-C 10 homoserine lactone (HSL) was tested from sterile-filtered culture supernatants by reversed phase liquid chromatographytandem mass spectrometry on a Agilent 1100 high performance liquid chromatography system (Agilent Technologies, Waldbronn, Germany) coupled to a Micromass Quattro Ultima triple quadrupole MS (Waters, Manchester, UK) for TDA as described by Porsby et al. (Porsby et al., 2008) and for acylhomoserine lactones (AHLs) as described in Rau et al. (Rau et al., 2010) . OH-C 10 -HSL lactone was identified by 272 → 102@ 20 eV (quantifier) and 272 → 74@ 30 eV (qualifier); and OH-C 10 -HSL-acid (open lactone) 290 → 102 @ 20 eV (quantifier) and 290 → 171@ 30 eV (qualifier). Specifically, TDA was confirmed against an authentic standard (BioViotica, Dransfeld, Germany), and so was OH-C 10 -HSL (Nottingham University, UK, www.nottingham.ac.uk/ quorum/compounds.htm) (Rasmussen et al., 2014; D'Alvise et al., 2015) .
Bacteriophage isolation and sub-typing Samples for isolation of R. mobilis-infecting bacteriophages were obtained from surface water (10 m water depth) at 120 stations along the Galathea route. From each station, 60 ml sample was 0.2 μm filtered and phages in the filtrate were concentrated by mild centrifugation (500 g, 15-30 min) using 15 ml Amicon Ultra spin devices (30 000 MW cutoff, Millipore, Billerica, MA, USA). The concentrate (1-1.5 ml) was mixed with an equal amount of suspension medium buffer (50 mM Tris-Cl pH 7.5, 99 mM NaCl, 8 mM MgSO 4 , 0.01% gelatin) in a cryovial and kept at 5°C until further analysis. Before phage isolation, the concentrates from individual cruise legs were pooled resulting in 10 groups of 10-15 phage concentrates each representing a different geographical area visited on the cruise (Supplementary Table S3 ). Phage proliferation and isolation was performed using enrichment cultures and subsequent spot assay using R. mobilis F1926 as target strain, basically following the protocol of Stenholm et al. (Stenholm et al., 2008) . Firstly, 7 ml mid-log-phase bacterial culture were added to 250 μl phage concentrate and incubated for proliferation of potential R. mobilis-infecting phages present in the concentrate. After 24 h, the culture was centrifuged (10 000 g, 5 min) and the supernatant was 0.2 μm filtered and stored at 5°C. For isolation of specific phages, 5 μl of the 0.2 μm filtered enrichment cultures were spotted onto lawns of R. mobilis F1926 in soft agar, and incubated for 24 h. In the case of a clearing zone (plaque) in the spotted area, indicating phage lysis of the host, the plaque was transferred to 1 ml suspension medium buffer and eluted for at least 2 h. To purify individual lytic R. mobilis F1926 phages obtained from the spot assay, plaque assays were performed with serial dilutions of the isolated phages using the standard double layer method with R. mobilis F1926 as host strain. From these plaque assays, single plaques were picked with a sterile glass pipette and the phages were eluted in suspension medium buffer. Eight bacteriophages were isolated by three repeated rounds of plaque purification and reinfection.
To determine the susceptibility of the collection of R. mobilis isolates to the isolated phages, the phage host range was determined by spotting 2 μl of purified bacteriophage on top of a marine agar plate freshly prepared with 4 ml of soft agar inoculated with 0.3 ml of a mid-log-phase culture (OD 600 = 0.3) of the strain to be tested. The host-range was determined on three separate plates for each phagehost combination, and all 47 bacterial strains were tested against all the phage isolates.
Statistical analysis
One-way analysis of variance was used to evaluate if the R. mobilis sub-clusters identified by ANI were correlated to the oceanographic parameters of the Galathea cruise and those associated with the ocean provinces (productivity, chlorophyll, photic depth) (Longhurst, 2007) , phage susceptibility, genome characteristics, number of prophages and CRISPRs and the presence of AHL synthase type 2. Whether the source of isolation was different between R. mobilis and non-R.mobilis isolates from the Galathea expedition and whether the isolation strategy, the distance to the coast, ocean provinces and biomes as defined by Longhurst (Longhurst, 2007) were different between the ANI sub-clusters of R. mobilis was assessed using the Fisher's exact test with the 'fisher.test' R script. Two-tailed t-test was applied for comparison of phage susceptibility between co-isolated strains and strains isolated outside leg 6. Furthermore, two-tailed t-test was used to evaluate the difference of oceanographic data (depth, nitrate, oxygen, salinity, chlorophyll, temperature; data obtained from NCBI) of the TARA expedition depending on the abundance of a strain (RPKG41: present or RPKGo1: low abundance or absent) and was also performed for the TARA recruitment data of surface samples from the free-living versus particle-associated fraction for each strain.
Results
Isolation and occurrence of R. mobilis Of the 533 samples obtained from 294 sampling sites, 519 bioactive strains were isolated by surface and subsequent replica plating . Out of these bioactive strains, eighteen isolates were identified as R. mobilis by 16S rRNA gene analysis and included in the present study (S strains, Supplementary  Table S1 ). In addition, enrichment cultures with visible formation of a brown pigment (Supplementary Figure S1) were used for isolation. Sterile-filtered supernatants from 19 brownish enrichment cultures caused inhibition of V. anguillarum, whereas anti-Vibrio activity was never found in nonpigmented enrichments. All 19 strains isolated from these enrichments were brown-pigmented and subsequently identified as R. mobilis (F strains, Supplementary Table S1 ). Five additional R. mobilis strains were isolated by enriching seawater samples in sterile-filtered supernatant from the TDA-producing Phaeobacter sp. 27-4 (G strains, Supplementary  Table S1 ). Only R. mobilis and no other bacteria were isolated from these enrichments.
The total of 42 R. mobilis strains (8% of all Galathea isolates) were obtained from 29 of the 294 tested sampling sites (Figure 1 ). R. mobilis was primarily isolated from the open ocean (12 nautical miles from shore, 71%) and with a lesser extend from the high seas (200 nautical miles from shore, 19%) and coastal waters (10%) (Figure 1 ). The strains were obtained from surface waters from 5 to 120 m, besides one strain being isolated from 400 m depth (Supplementary Table S4 ). From five samples obtained from four sampling sites (one site represented by two depths), ten R. mobilis strains were isolated from the same sample by both direct plating (followed by replica plating) and by enrichment in MB (marked in bold in Supplementary Table S3) . However, in the majority of samples (the remaining 32), strains were isolated by only one of these procedures with the enrichment being more successful (19 of 32 isolates) compared with the plating/ replica plating (13 of 32 isolates).
The Galathea R. mobilis strains originated from samples with different oceanographic and chemical profiles (Supplementary Table S4 ). The sampling sites were located in all of the four biomes (coastal, polar, trades, westerlies) and in 14 of the 54 ocean provinces as defined by Longhurst (Longhurst, 2007) . Temperature during sample isolation varied from 4 to 30°C and oxygen concentrations from 0.1 to 7 ml l − 1 . Total nitrogen concentrations ranged from 6 to 50 μM and covered a wide range of NO 3 -concentrations from 0 to 40 μM at the South American West Coast associated with the coastal upwelling sites. R. mobilis strains were isolated from sites that varied in in vivo chlorophyll a fluorescence from 0 to 5 V (relative units). Thirty-seven of the R. mobilis strains were obtained from seawater samples and 2 and 3 from the surface of copepods and sediment, respectively. This is in contrast Figure 1 Global appearance of Ruegeria mobilis: stations of the Galathea 3 cruise, where the herein described 42 strains of R. mobilis were isolated (blue dots) and stations of the TARA expedition (Sunagawa et al., 2015) , where R. mobilis was identified in the metagenomic data in the attached (green circles) and pelagic fraction (red circles). Mapbox, Data ODbL OpenStreetMap contributors.
The global Roseobacter-clade species Ruegeria mobilis EC Sonnenschein et al (Po0.0001) to the non-Ruegeria Galathea isolates that were obtained equally from each of the three sources of isolation (seawater, surface, sea chest) . Interestingly, the surfaces investigated during the expedition included many different organisms (copepods, sponges, fish and so on) and materials (lava stones, sediment, and so on), however, the herein described R. mobilis strains were only isolated from copepods or sediment.
Querying metagenomic data of the TARA expedition (Sunagawa et al., 2015) with five selected R. mobilis strains revealed additional locations of R. mobilis appearance (Figure 1) . Overall, the analyzed R. mobilis strains have a similar distribution pattern to R. pomeroyi DSS-3 and are unique in comparison to the other analyzed species (Supplementary Figure S2) . Occurrence of R. mobilis decreased with increasing depth in the particleassociated fraction. R. mobilis NBRC101030 was detected (RPKG41) in the free-living fraction in 25 of 426 samples (6%) at 19 of 70 stations (Supplementary Table S5a ) and in the particleassociated fraction in 146 of 370 samples (40%) at 42 of 47 stations (Supplementary Table S5b ). In comparison, the stream lined species 'Candidatus Pelagibacter ubique' HTCC1062 is present in 57% of the samples of the free-living fraction and 71% of those of the particle-associated fraction. In contrast, the herein used target bacterium, the fish pathogen V. anguillarum 90-11-287 has a low abundance (4% in each fraction).
We further evaluated if the bacterial abundance found in the TARA metagenomic data was linked to oceanographic parameters (depth, nitrate, oxygen, salinity, chlorophyll, temperature) measured during the TARA expedition (Supplementary Figure S3 , Supplementary Table S6 ). Comparing the data associated with a RPKGo1 (no to low abundance) with those associated with a RPKG41 (strain is present) demonstrated no significant correlation of bacterial occurrence and oceanographic parameters for R. mobilis in the particle-associated fraction. In contrast, occurrence of R. mobilis NBRC101030 in the free-living fraction is linked to depth, nitrate and temperature, demonstrating that the species could have a preference for environments in greater depth, with lower temperature and higher nitrate concentration (median: 90 m, 10.5°C, 28.6 μmol l − 1 , respectively). Two of the five tested R. mobilis strains also demonstrate a significant preference for lower levels of chlorophyll (median: 0.03 (S1424) and 0.006 (270-3) versus 0.16 (both) mg m -3 ).
Phylogeny and genome analysis of R. mobilis strains from the Galathea cruise All 42 strains were Gram-negative motile rods, produced a brownish pigment when grown under static conditions in MB, and formed rosettes (phase contrast microscopy, × 1000). Initial phylogenetic analysis by alignment of 16S rRNA gene sequences demonstrated that the strains were very homogenous and grouped in two very closely related clusters (99% identity) (Supplementary Figure S4) . The two R. mobilis clusters included the type strain of R. mobilis NBRC101030 (and the synonymous R. pelagia NBRC102038 (Lai et al., 2010) ), the R. mobilis strains isolated from Danish and Spanish turbot farms, and was distinct from other Ruegeria and Roseobacter clade species. Ruegeria (formerly Silicibacter) TM1040 was closely related to the main cluster (98%), but did cluster separately from our R. mobilis strains. Some strains (marked in bold in Supplementary Table S1 ) were isolated by two methods from the same sample, for example, G1302 and S1424, and such strains may be clones based on 16S rRNA gene similarity analysis.
MLSA allowed further differentiation of the R. mobilis strains into four sub-clusters (Supplementary Figure S5) . While sub-cluster I and II only contained isolates from the Galathea expedition, Galathea strains grouped with the R. mobilis type strain NBRC101030 in sub-cluster III and sub-cluster IV consists of the Danish turbot farm strains and the strain NBRC102038. The Spanish turbot farm strain 270-3 and strain TrichCH4B build unique branches within the overall R. mobilis cluster.
Distinct separation of individual strains was achieved by whole-genome analysis, in our case, ANI (Figure 2 ). According to the cutoff for species differentiation at 95% (Richter and Rosselló-Móra, 2009) , it was confirmed that all our isolates belong to the species R. mobilis. The strains group into the same four phylogenetic sub-clusters as in the MLSA, though 270-3 and TrichCH4B now group within the branch of sub-cluster IV. Four of the five pairs of strains isolated from the same samples using different methods (G1302/S1424, G1303/S1425, S1689/ F1926, F3871/S3940) fall within the same subcluster, however, do not group together within the sub-cluster, while one pair (S2684/F2587) is even separated into two sub-clusters. These pairs thus represent individual strains and are not clones of the same strain. There was no significant correlation between the ANI clustering and the parameters measured during sampling (depth, temperature, salinity, oxygen, nutrient concentration) or the distance to the shore (as categorized by coastal, open ocean and high seas) or the biomes associated with the sampling sites (Supplementary Table S4 , P40.05); however, there was a significant difference for the distribution of the isolation techniques (S, F and G, Po0.0001) and the ocean provinces, from which the strains were obtained (Po0.0001), within the sub-clusters. That is, most of the strains from sub-cluster I were isolated by biofilm enrichment, while most of the strains from sub-cluster II and III were obtained by replica plating. Most strains of sub-cluster I, II and III were obtained from ocean province 46 (Chile-Peru Current Coastal Province), 21 (Benguela Current Coastal Province) and 42 (Archipelagic Deep Basins Province), respectively, (sub-cluster IV was excluded, as it contained only reference strains) (Supplementary Figure S6) . As defined by Longhurst (Longhurst, 2007) , for each ocean province, a class of certain parameters (productivity, chlorophyll and photic depth) corresponding to five equal intervals of average values was assigned. Analysing these classes for each ANI sub-cluster revealed no significant difference. This confirms that while the geographic distribution of each ANI sub-cluster is unique, this cannot be linked to certain environmental parameters.
The R. mobilis draft genomes ranged in size between 4.7 and 4.9 Mb (with the exception of F3183 attributed to weak sequencing quality) and had a GC content of 58.7 to 59.3% (Supplementary Table S2 ). The sequence data (with the exception of F3183) was assembled in 45 to 94 contigs. Total number of genes varied from 4541 to 4828 (with the exception of F3183). The pangenome of 46 R. mobilis (excluding F3183) comprises 6,797 genes and the core genome consists of 3,599 genes (53% of the pangenome) (Supplementary Figure S7) . The closed genome of F1926 consists of a chromosome (3.3 Mb, GC content: 58.8%) and four plasmids (1,256, 147, 107, 58 kb) . In comparison, the closed genomes of R. pomeroyi DSS-3 and Ruegeria sp. TM1040 consist Figure 2 Heatmap of average nucleotide identity (ANI) analysis of Ruegeria mobilis strains, Ruegeria type strains and selected Roseobacter type strains (Richter and Rosselló-Móra, 2009; Pritchard, 2014 (Sule and Belas, 2013 ) and a 4.1 Mb chromosome plus one megaplasmid (492 kb) with a GC content of 60% and 64.2%, respectively (Moran et al., 2004 (Moran et al., , 2007 . Two further plasmid sequences are available from Ruegeria sp. PR1b (149 kb and 76 kb). Comparison of the nucleotide sequence of DSS-3, TM1040 and the plasmids of PR1b (16S rRNA sequence identities of the strains to F1926 are 96%, 99% and 96%, respectively) to F1926 revealed that DSS-3 and TM1040 share similarities with the chromosome and the plasmid A of F1926 (Supplementary Figure S8) . The hits on plasmid A of F1926 are encoded on the megaplasmid of TM1040, however, in case of DSS-3 on the chromosome (data not shown). Sequence data of TM1040 is further comparable to sequences on plasmid D of F1926 (Supplementary Figure S8) . As previously reported (Sule and Belas, 2013) , a third plasmid of TM1040 containing the tda genes remains unsequenced potentially leading to the missing sequence similarity to plasmid B in our representation. Sequence similarities of the two plasmids of PR1b, pSD25 and pSD20, can be found on plasmid C and D of F1926, respectively (data not shown). From the comparable sizes of total sequence data (Supplementary Table S2 ) and the conservation of replicases on the three larger plasmids of F1926 (repA on plasmid D cannot be found in S1424, NBRC101030 and NBRC102038) (Supplementary Figure S9) , we conclude that the organization of the genome is conserved within the species (Supplementary Figure S9) and that the herein presented R. mobilis strains harbor at least one plasmid, possibly a megaplasmid (Supplementary  Table S2 ). This is supported by preliminary analysis using DNA gel electrophoresis (data not shown). The alignment gaps to F1926 on the chromosome and plasmid A and D can partly be attributed to prophages (Supplementary Table S7, Figure 3) . In F1926 and S1424, we found unique pathways such as toxin-antitoxin systems that are important regulatory elements for a cell and we also detected phthalate degradation in NBRC101030, which sparks interest for industrial application and bioremediation (Supplementary Table S7 ). In F1926, the toxinantitoxin system is located on the 108 kb-plasmid and thus could be responsible for its perpetuation during cell division.
The four representative R. mobilis strains of the four ANI sub-clusters are very similar on the metabolic level (92%, Figure 3a ) and the profile agrees with the description of Roseobacter Clade 1 strains (Newton et al., 2010) : they are heterotrophic, carry the ability to biosynthesize biotin, while not capable to produce polyphosphate (Supplementary Table S8 ). Their genomes demonstrate an adaptation to a particle-and eukaryote-associated lifestyle, including biotin biosynthesis, motility, chemotaxis, antibiotic biosynthesis, secretion systems (Supplementary Table  S8 ). Although the core of the four R. mobilis genomes representing the four sub-clusters carry most of the KO orthologs present in the model strains TM1040 and DSS-3 (862 KEGG orthologs, 48%, Figure 3b) , they also incorporate a high level of novelty (683 KEGG orthologs, 38%, Figure 3b) . In closer comparison, they Figure 3 Genome comparison using (a) the KEGG orthologs of the four Ruegeria mobilis representatives F1926, S1424, NBRC101030 and NBRC102038 (Kanehisa, Sato and Morishima, 2015) and (b) comparing their core KOs (* = 1636 KOs of Figure 3a) to R. pomeroyi DSS-3 and Ruegeria sp. TM1040 using Venny (Oliveros) (details can be found in Supplementary Tables S7 and S8 ). Figure 3b) .
Bioactivity of R. mobilis
Sterile-filtered culture supernatants from all 42 R. mobilis strains inhibited V. anguillarum. This was also true for culture supernatants from R. mobilis isolated from turbot farms and for P. gallaeciensis or P. inhibens strains (Supplementary Table S1 ). When incubated under shaken conditions (200 r.p.m.), none of the R. mobilis strains produced pigment and none of the sterile-filtered supernatants were inhibitory to V. anguillarum. TDA, which is believed to be the prime agent of Roseobacter antibacterial activity Bruhn et al., 2006) , was detected in all R. mobilis by liquid chromatography-tandem mass spectrometry and correlates with the presence of the central genes required for the biosynthesis of TDA, tdaBCDE, in all strains (Supplementary Table S8 ). In F1926, tdaBCDE are located on a plasmid, the 147 kb plasmid, as has been demonstrated for other TDA producers (Thole et al., 2012) . No TDA, or only traces, was detected in MB cultures from non-inhibitory strains or under conditions that abolished activity, such as aeration of the R. mobilis strains. As QS can be involved in regulating TDA production (Bruhn et al., 2005; Geng and Belas, 2010; Zan et al., 2014) , we specifically searched for OH-C 10 -HSL, the AHL inducing TDA biosynthesis in P. inhibens (Berger et al., 2011; Wilson et al., 2016) , and its known open lactone form in sterile-filtered supernatants, however, no AHL compounds were produced by R. mobilis under the tested conditions, but were easily detected in the three Phaeobacter reference strains using the same method (Supplementary Table S1 ). Furthermore, when concentrated acidified ethyl acetate extracts of selected R. mobilis strains of the four sub-clusters were analyzed by high performance liquid chromatography-time of flight MS, OH-C 10 -HSL or other AHLs were not detected (data not shown). To complement our experimental findings, we searched the genomic data of the R. mobilis strains for the presence of genes related to QS (Supplementary Table S8 , Supplementary Figure S10 ). Although present in the reference strain R. pomeroyi DSS-3, none were found in the R. mobilis genomes using an analysis based on the KEGG orthologs. However, during the sequence-based analysis using BLAST, two different types of potential AHL synthases were identified in the R. mobilis genomes presenting the conserved residues of well described AHL synthases such as LasI, LuxI or TofI (Supplementary Figure S10) . The two AHL synthase types differ from the AHL synthases of other Ruegeria species, including the previously described synthases SsaI and SsbI (Zan et al., 2012) . Type I (equal to HSL1 identified by antiSMASH, Supplementary Table S8) was found in all herein presented R. mobilis strains including TrichCH4B and the type strain NBRC101030. Type II, however, was only identified in a sub-group that corresponds with the phylogenetic sub-clusters II, III and IV (Po0.0001), excluding only strains NBRC101030, NBRC102038 and 270-3.
Phage isolation and subtyping of R. mobilis R. mobilis-infecting phages were obtained from several of the viral concentrates, however, all from leg 6 (Accra to Cape Town) of the cruise (Supplementary Table S3 ). Thus, there was no systematic spatial pattern with respect to their occurrence in the water samples, and the nonquantitative approach (meaning the pooling of all concentrates from each leg) does not allow for speculations about the spatial distribution or quantitative importance of the isolated phages. Testing the host range of the eight phage isolates against 47 R. mobilis strains showed three different host range patterns: Phages L1, L2, L3 had an identical host range, phages L4, L5, L6, L7 also had an identical host range and phage S4 had a unique host range. From this it was concluded that among the eight phage isolates, only three different phages (denoted L1, L4 and S4) had been obtained. Of the 47 bacterial strains, 6 were susceptible to one or two of the phages and 24 were susceptible to all 3 phages (Figure 4) . The number of the phages, to which each strain was susceptible to, correlated with the ANI clustering (Po0.0001). Most of the strains that were susceptible to all three phages were found in the sub-cluster I, whereas non-susceptible strains mostly clustered together in sub-clusters II, III, and IV (Figure 4) . Only sub-cluster II contained strains that were susceptible to one or two of the three phages. None of the five reference strains from culture collections (NBRC101030 and NBRC102038) or from aquaculture farms (270-3, M41-2.2, M43-2.3) were susceptible to the phages. Bacterial strains co-isolated on leg 6 were not more susceptible to the phages than strains obtained from a different region (P = 0.687). Instead, the 24 isolates that were susceptible to all three phages were distributed among most of the stations of isolation along the cruise covering highly different environments such as oxygen rich surface water (for example, F3688, 10 m depth), oxygen poor deeper water at the oxygen minimum zone off Peru (S3899, 400 m depth), shallow sediment (F2158, 60 m depth) and copepod surfaces (S1942) (Supplementary Table S4, Figure 4) . Altogether, these 24 susceptible R. mobilis strains were
The global Roseobacter-clade species Ruegeria mobilis EC Sonnenschein et al found in environments covering a temperature range from 4.0 to 29.3°C.
Several intact, incomplete and questionable prophages were detected in almost all strains with an average of four prophages per strain and a maximum of eight sequences in F3183 (Supplementary Table  S9 ). No prophages were identified in the strains G930, F2587, S1847, S1611 (sub-cluster III), and the reference strain ANG-S4. Most commonly found were sequences similar to the Roseobacter phage RDJL Φ1 (although as questionable) (Zhao et al., 2009; Huang et al., 2011) , followed by the intact Rhodobacter phage RcapNL, the incomplete Rhodobacter phage RC1 and the Brochothrix phage BL3 (Kilcher et al., 2010) and Enterobacteria phage ΦP27 (Recktenwald and Schmidt, 2002 ) (both questionable hits). Once more, ANI clustering correlated with total number of prophages found per genome (Po0.0001). Sub-cluster I strains carry at least sequences similar to the prophages RDJL Φ1, RcapNL and BL3. Sub-cluster II strains have at least sequences similar to RDJL Φ1 and Dp-1. No pattern is observed in subcluster III, where only three of the seven strains demonstrated incomplete or questionable hits. All, but NBRC102038 in sub-cluster IV carry at least sequences similar to the prophages RDJL Φ1 and RcapNL.
All hits obtained in CRISPRFinder were assigned as questionable, a term, which refers to a small CRISPR with only two to three direct repeats or structures where the repeated motifs are not 100% identical (Grissa et al., 2007) . All the detected CRISPRs had only two direct repeats and correspondingly one spacer (Supplementary Table S10 ), but two CRISPRs with the same direct repeat consensus and one identical and one distinct spacer each were detected in F3183 (CRISPR no. 6 and 7, Supplementary Table S10). Only one CRISPR was detected in a reference strains (TM1040), which, however, was not detected in any of the R. mobilis strains. All, but four R. mobilis strains (G930, F2459, NBRC102038, TrichCH4B) contained one or two CRISPR sequences. In strain F3183, eight CRISPRs were identified, which we, however, attribute to the poor sequence quality of the genomic data. Although there is a tendency that total number of CRISPR sequences found per genome correlated with the ANI clustering, there was no statistical evidence (P = 0.4218). Sub-cluster I strains carry either CRISPR 2 and 4 or 4 and 8 or only 2 or 8. Most of the subcluster II strains are positive for CRISPR 14, three strains for CRISPR 1. Sub-cluster III strains have CRISPR 3 and/or 11, however, no pattern is visible in sub-cluster IV.
Discussion
The Roseobacter clade is widespread in oceanic surface waters (Buchan and Moran, 2005; WagnerDöbler and Biebl, 2006; Brinkhoff et al., 2008) and has been detected using molecular techniques worldwide (González et al., 2000; Wietz et al., 2010; Ghiglione et al., 2012) . Some sub-groups appear to be associated with particular geographic areas such as temperate and polar waters (Selje et al., 2004; Swan et al., 2013) . Here, we demonstrated that culturable Roseobacter-clade organisms can be detected worldwide and that at least one particular culturable species occurs globally in marine waters. There is an on-going discussion about distribution of marine bacteria, that is, whether particular sub-groups occur only in certain niches or whether some have a cosmopolitan occurrence. Some studies have found only very few cosmopolitan organisms (operational Figure 4 Sub-typing of Ruegeria mobilis strains (F, G and S strains were isolated as described in this study , M strains were isolated from Danish turbotrearing farms (Porsby et al., 2008) ) using ANI-based phylogeny and phage typing by three phages (L1, L4 and S4); nd = not defined.
The global Roseobacter-clade species Ruegeria mobilis EC Sonnenschein et al taxonomic units) (Pommier et al., 2006) , whereas others have hypothesized that many organisms are ubiquitous on a global scale (Finlay, 2002; Fenchel and Finlay, 2004) . Strains within our R. mobilis collection were remarkably similar based on genotypic, phenotypic and chemical analyses, and although we did not isolate R. mobilis in Arctic and Antarctic waters, the strains appear to be representatives of an almost cosmopolitan species. The global appearance is further supported by the results of the metagenomic analysis. The overall low number of polar stations during the Galathea and the TARA research cruise could have caused the lack of isolates/data from these regions. One could hypothesise that even within a species, phenotypic variations occur depending on geographic area. However, in agreement with studies on Salinispora (Jensen et al., 2006) , we found that the secondary metabolite production was independent of the geographical site of isolation. With the techniques applied, we excluded the isolation of potential non-bioactive R. mobilis strains, it is, however, intriguing that the consistent production of TDA indicates a strong evolutionary pressure in their natural habitat to maintain the megaplasmid carrying the highly conserved TDA biosynthetic genes (Sule and Belas, 2013; Harrington et al., 2014) . Similar observations have been made in very different niches, such as silage where Penicillium paneum and P. roqueforti produce marcfortines and mycophenolic acid, respectively, and share andrastins (O'Brien et al., 2006) .
The four phylogenetic sub-clusters of the 47 R. mobilis strains that were identified by MLSA and ANI and confirmed by the susceptibility to bacteriophages and the genomic pattern of prophage sequences demonstrate the differentiation within the species R. mobilis. Phages have previously been shown to be important drivers of bacterial diversification at the strain level by selecting for phageresistant strains, thus leading to a local arms race and co-evolution between phage and host populations (Middelboe et al., 2009) . Hence, the versatility within the species is prompted by the exchange of genetic material as it has been proposed for the Roseobacter clade (Newton et al., 2010) and is not associated with any oceanographic parameters, which has been confirmed by the analysis of the TARA data (Supplementary Table S6 ). This is furthermore supported by previous observations that genetically related phages infecting marine Vibrio parahaemolyticus were distributed across large geographic distances (Kellogg et al., 1995) . Concluding, the R. mobilis strains of each sub-cluster were distributed across large geographical scales and environmental conditions, suggesting that the pheno-and genotypic properties of each sub-cluster are maintained across variable habitats (planktonic, benthic and zooplankton-associated) and large spatial scales. Thus, the distinction in the geographic distribution of each cluster could only be related to the prophages within the genomes; comparably to a link that has been drawn recently between the viral community composition and the ocean provinces using TARA data (Brum et al., 2015) .
The element herein referred to as Roseobacter phage RDJL Φ 1 (Supplementary Table S9 ) (Huang et al., 2011) due to PHAST annotation (Zhou et al., 2011) has also been described as gene transfer agent (Zhao et al., 2009; Thole et al., 2012) . Gene transfer agents have first been described in Rhodobacteraceae (Marrs, 1974) and are widespread within the family (Biers et al., 2008; Huang et al., 2011; Thole et al., 2012) . This specific gene transfer agent has been found in all to-date sequenced Roseobacter genome sequences, but strain HTCC1062 (Zhao et al., 2009) . HTCC1062 is an exception within the Roseobacter clade as it represents a putative oligotroph with a small genome size of only 2.3 MB (most Roseobacter strains have a genome of about 4 MB (Newton et al., 2010) ) and its genome does not carry any gene transfer agent sub-clusters. Surprisingly, this element was also not found in the seven strains of our R. mobilis sub-cluster III. Overall, sub-cluster III strains appear poor in prophages in the PHAST analysis, which might imply that they harbor unknown prophages and this remains to be further investigated. As R. mobilis is phylogenetically not closely related to HTCC1062 and they possess no recent common predicted ancestors (Newton et al., 2010; Luo et al., 2013) , we suggest independent loss of the gene cluster and no direct evolutionary relation.
The R. mobilis strains described herein can potentially be classified as copiotroph representatives of the Roseobacter clade due to their genome size and genomic features (Luo and Moran, 2014; Voget et al., 2014) . As they were isolated from a wide variety of ecological niches, they might contribute substantially to the total Roseobacter gene repertoire (Moran et al., 2007) . Thereby, R. mobilis stands in contrast to streamlined bacteria such as 'Candidatus Pelagibacter ubique' that has been described as example of a beneficiary in the Black Queen Hypothesis; a theory referring to the selective advantage of gene loss (Jeffrey et al., 2012) . 'Ca. Pelagibacter ubique' has a reduced genomic content and depends on the leaky production of reduced sulfur by the community. This could further be correlated with the lifestyle of these two different bacterial species. Although R. mobilis is much more abundant in the particle-associated fraction than the free-living, the distribution between both lifestyles is more similar in 'Ca. Pelagibacter ubique' (Supplementary Figure S2) . Concluding that R. mobilis is well adapted to the surface-attached lifestyle with constant nutrient supply from larger particles (also confirmed by the isolation technique using biofilm formation for enrichment), however, can shift to a pelagic lifestyle for dispersal. Respectively, as discussed previously, 'Ca. Pelagibacter ubique' is independent of nutrient quantities available from non-bacterial, organic origin (Steindler et al., 2011; Giovannoni et al., 2014) . Two of our R. mobilis strains were isolated from copepods, however, chitinases were not detected in the genomes. Instead, we identified the complete uptake system for N-acetylglucosamine dimers including the sensor chiS (Li and Roseman, 2004; Machado et al., 2015) . This could present an example of R. mobilis not only being a supplier of nutrients, but also benefiting from the leaky production by others.
It has been hypothesized that QS regulates the production of TDA (Geng and Belas, 2010; Berger et al., 2011) . One of the classical groups of QS molecules, the AHLs, was not detected in any of the tested R. mobilis strains. However, we identified one or two potential AHL synthases in each genome of the Galathea strains. They might not be activated under the tested conditions or their products could not be detected in the chemical analysis. In contrast, P. inhibens, which also produces TDA, does produce AHL signals (Bruhn et al., 2005) . Hence, a common cross-species strategy for using AHLs to regulate TDA production is not likely. It has been demonstrated that TDA induces its own production in Ruegeria (Silicibacter) sp. TM1040 (Geng and Belas, 2010) , and we speculate that this would also be true for the R. mobilis strains of the present study.
Both species, R. mobilis and P. inhibens, produce TDA and were predicted to have the same direct ancestor (Luo et al., 2013) . Although R. mobilis and P. inhibens strains have been obtained from the same sources and similar environments (Buchan and Moran, 2005; Porsby et al., 2008; Alsmark et al., 2013) , we only isolated R. mobilis strains on the Galathea expedition using a technique that would also allow growth of P. inhibens . In contrast, we repeatedly have isolated P. inhibens from surface biofilms in Danish harbor areas . It is, therefore, tempting to speculate that R. mobilis is the open-water counterpart to the coastal, macrosurface-attached P. inhibens (Supplementary Table S1 and Supplementary material S8 in (Thole et al., 2012) ). In the TARA data set (Global Ocean Microbial Reference Gene Catalog), Ruegeria sp. represents 5% of all detected Rhodobacteraceae (which comprise 3% of all bacteria), while Phaeobacter sp. corresponds to only 0.3% (Sunagawa et al., 2015) . Though this would support the hypothesis of niche-development of these two species, the amount of data is too low for a statistical proof and requires further analysis.
In conclusion, we have found that a culturable bioactive species of the Roseobacter clade occurs ubiquitously as pelagic marine bacteria, but potentially being rare in polar regions. The intra-species variation originates primarily from prophages, which is linked to the spatial distribution patterns. In comparison to isolates obtained from aquaculture and other Ruegiera model strains, the new marine isolates represent a novel diversity with potential for application as probionts. Based on the tested genotypic, phenotypic or chemical profiles, its preserved traits indicate a high degree of adaptation to a generalist ubiquitous lifestyle.
